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Transverse momentum dependent (TMD) parton correlators describing the partonic structure of
hadrons contain gauge links, required by color gauge invariance. The required gauge links enter in the
matrix elements that contain the parton fields and depend on the color flow in the hard process. The
correlators are expanded in terms of transverse momentum dependent parton distribution functions,
referred to as TMD PDFs, or in short TMDs. In this paper, we introduce gluon TMDs of definite
rank, by making an expansion of the TMD gluon correlator with the help of irreducible tensors built
from the transverse momenta. The process dependence is isolated in gauge link dependent gluonic
pole factors multiplying the TMDs. It is important to account for the different possibilities in the
color structure within the matrix elements, leading to multiple TMDs at a given rank. In this way
we are able to write the leading tree level result for a hard process in terms of process dependent
gluon correlators which are expressed in a finite set of universal TMDs. We tabulate the gluonic
pole factors for various gauge links, among them those that are relevant for 2→ 2 processes.
PACS numbers: 12.38.-t, 13.85.Ni, 13.85.Qk
I. INTRODUCTION
The cross sections and spin asymmetries of hadronic scattering processes can be described in terms of ‘soft’ functions
like the distribution and fragmentation functions for quarks and gluons, convoluted with cross sections for ‘hard’
partonic subprocesses. To leading order in an appropriate expansion involving the inverse hard scale relevant in the
process, this description corresponds to the tree level result of the full treatment [1]. The distribution functions have
the interpretation as the probability of finding a quark or a gluon with momentum fraction x inside a hadron and
fragmentation functions are interpretated as decay functions giving the number of hadrons with momentum fraction
z in the partonic decay chain; both appear in the parametrization of the parton correlators, which on the other
hand are nonlocal matrix elements of partonic field operators. Together with (leading) collinear gluons exchanged
between the soft and hard parts of the process, these correlators are gauge invariant with the collinear gluons showing
up as Wilson lines or gauge links. Going beyond the collinear limit, one includes the dependence on the relative
transverse momenta of the partons and hadrons in the correlators, which are then parametrized in terms of transverse
momentum dependent (TMD) distribution and fragmentation functions. The TMD correlators contain operators that
are nonlocal not only in the light-cone direction but also in the transverse direction and there is no unique way to
connect the fields through a gauge link [2–4]. This gauge link becomes dependent on the process under consideration.
As has been shown in the Refs. [5–7], the structure of the gauge link, including transverse pieces at light-cone
infinity, plays a very important role in the understanding of single spin asymmetries at high energies. However, the
presence of the gauge link complicates the study of factorization in processes involving TMD correlators [8–12] and
it is important to understand the universality issues of them. Towards this goal, we note that the TMD correlators
can be ordered according to their pT -dependence, which can conveniently be written in terms of symmetric traceless
tensors constructed from pT . We use this to construct TMD correlators of a particular rank. For a given rank,
one can construct collinear correlators only depending on a momentum fraction x by weighting the TMDs with the
appropriate tensor. We refer to the pT -moments as (collinear) transverse moments.
The rank 0 correlators contain the x and p2
T
-dependent functions that survive after integrating over azimuthal
angles and rank 1 correlators are important for azimuthal asymmetries of the form sin(ϕ) or cos(ϕ). They can be
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2distinguished in time-reversal even (T-even) and time-reversal odd (T-odd) correlators. The transverse moments of
the T-odd correlators contain a quark-quark-gluon operator combination with vanishing gluon momentum referred
to as gluonic pole or Efremov-Teryaev-Qiu-Sterman (ETQS) matrix elements [13–18]. Correlators containing gluonic
poles appear in cross sections with multiplicative gluonic pole factors depending on the hard part of the process under
consideration. It has been shown that for fragmentation the gluonic pole matrix elements vanish [19–23] and the
T-odd effect arises purely from the fact that one is dealing with non-plane wave final states.
Higher rank correlators and transverse moments are important for the azimuthal asymmetries of the form cos(mϕ)
and sin(mϕ). In a recent publication, we analyzed the rank two correlators and double transverse moments of
quark TMD correlators and their parametrization in terms of quark TMD distribution and fragmentation functions
depending on x and p2T for unpolarized and polarized spin 1/2 and spin 1 hadrons [24]. All correlators containing
gluonic pole matrix elements appear with (calculable) gluonic pole factors depending on the color flow structure in
the hard process, including at rank 2 also T-even (double gluonic pole) correlators.
In this paper, we extend our analysis to gluon TMD correlators, which gives rise to a richer color structure phe-
nomenology due to the more complicated gauge link structures involved. By using similar formalisms that we used
before for the classification of quark TMDs, we will systematically classify all allowed color structures and indicate
how they give rise to a finite number of universal TMD correlators. In any hard scattering process, the TMDs in-
volved can then be written as a process dependent combination of these universal TMDs, multiplied with gluonic pole
coefficients. We will tabulate the gluonic pole factors for a representative set of gauge links, among them those that
are relevant for 2→ 2 processes. Finally we will tabulate the (gauge invariant) definitions of the universal correlators
needed for the description of TMDs.
II. GAUGE LINKS AND COLOR STRUCTURES
For TMD gluon distribution (and fragmentation) functions, the gauge link dependence is a crucial part. Gauge link
dependent gluon correlators have been introduced before [25–27]
Γ[U,U
′]µν(x, pT ;n) =
∫
d ξ·P d2ξT
(2π)3
eip·ξ 〈P ,S|Fnµ(0)U[0,ξ] F
nν(ξ)U ′[ξ,0] |P ,S〉
∣∣∣∣
LF
, (1)
where the fields are matrix-valued and one still needs to make the result a color singlet by appropriate color tracing.
The gauge link structure is denoted as superscript [U,U ′] in the correlator Γ[U,U
′], also simply denoted as Γ[U ]. The
relevant gauge link structure arises from a resummation of leading Feynman diagrams including collinear n·A gluons
and they are built from staple-like links in combination with loops that will be color traced in various ways. Staple-like
links are the Wilson lines U
[±]
[0,ξ] = U
[n]
[0,±∞]U
T
[0T ,ξT ]
U
[n]
[±∞,ξ] running from 0 to ξ, in the arguments of Γ simply referred to
as ±, and their Hermitian conjugates, ±†, running from ξ to 0 as discussed in Ref. [28]. Loops like U [] = U
[+]
[0,ξ]U
[−]
[ξ,0]
= U
[+]
[0,ξ]U
[−]†
[0,ξ] or U
[]† = U
[−]
[0,ξ]U
[+]
[ξ,0] = U
[−]
[0,ξ]U
[+]†
[0,ξ] are referred to as  or as 
†. Besides a single trace, there are other
color combinations that appear. The gluon correlator is bilocal with Fnµ(0)Fnν(ξ) containing the basic nonlocality
ξ that transforms into the parton (gluon) momentum p. Connecting the two nonlocal gluon fields, one has different
types of gauge link structures,
type 1: Trc
Fnµ(0)U[0,ξ] Fnν(ξ)U ′[ξ,0], (2)
type 2: Trc
Fnµ(0)U[0,ξ] Fnν(ξ)U ′[ξ,0] 1Nc Trc
U [loop], (3)
type 3:
1
Nc
Trc
Fnµ(0)U [loop] TrcFnν(ξ)U [loop′]. (4)
These three types of contributions will be discussed below. Without the parton-like gluon fields defining the nonlo-
cality, we could in principle even add a structure of the form
type 0:
1
Nc
Trc
U [loop], (5)
which could play a role in diffractive scattering or saturation [29, 30]. We will restrict ourselves in this paper to the
two-gluon types.
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FIG. 1: A number of gauge link structures [U,U ′] illustrated. In these figures, the two big dots represent the coordinates of 0
and ξ. The horizontal axis is the light-cone direction n− and the vertical axis represents the transverse directions. The four
simplest gauge link structures are (a) the [+,+†] gauge link, (b) the [−,−†] gauge link, (c) the [+,−†] gauge link and (d)
the [−,+†] gauge link. Another structure occurring for type 1 correlators is the (e) [+,+††] gauge link. In (f) the type 2
gauge link structure [+,+†()] can be seen. Two gauge link structures corresponding to correlators of the third type are (g)
[(F (0)), (F (ξ)†)] and (h) [(F (0)†), (F (ξ))].
A. Correlators of the first type
The first type of operator structures contains one color trace and therefore has the simplest gauge link structure that
is possible for gluon correlators. This color trace contains both the gluon field operators F (0) and F (ξ) with gauge
links running between these two fields and appears when the color in a diagram contributing to the full amplitude
flows in just a single color loop. Examples of processes containing such a color structure are processes with colorless
particles in the final state, such as the gluon Drell-Yan process and Higgs production through gluon fusion (gg → H),
of which the color flow is simple (we will come back to this later), resulting in the gauge link structure in Fig. 1b. For
these processes the gauge links run through minus light-cone infinity and the notation Γ[−,−
†] is used to describe the
link dependence of the correlator. In other processes, one or both of the gauge links could run through plus light-cone
infinity, giving the additional gauge link structures Γ[+,−
†], Γ[−,+
†] and Γ[+,+
†]. The latter occurs for example when
all color flows into the final state, e.g. in photon-gluon fusion producing quark-antiquark pairs, in which case both
gauge links run through plus light-cone infinity, involving the correlator Γ[+,+
†]. Another relevant gauge link structure
of the first type that occurs in a leading order 2→ 2 process is the gauge link structure in the correlator Γ[+,+
†

†],
which is illustrated in Fig. 1e.
4B. Correlators of the second type
The second type of operator structures contains correlators with multiple color loops, where the two gluon fields
are located in the same color trace. Typical diagrams where multiple color loops appear are diagrams with colored
particles originating from two initial state hadrons and two colored particles being part of the final state. For an
individual diagram, usually multiple color flow possibilities have to be taken into account for a correct description
of the process. For this reason multiple different gauge link structures appear for most of the diagrams in 2 → 2
processes, as can be seen explicitly in the appendix of Ref. [26].
In the correlator, the color traces that are without gluon fields all contain a gauge link loop (also called Wilson
loop) U [] or U []†. In principle, even more traced Wilson loops could appear, provided that the diagram has enough
complexity to allow for multiple color loops to be present. The most complicated diagram that is relevant for our
purposes contains three color loops. Since the color trace of a Wilson loop is a color singlet, it is possible to move the
color traced Wilson loops to other places within the matrix element of the correlator. Gauge link structures of this
second type that are needed in physical processes are Γ[+(),+
†] = Γ[+,+
†()], Γ[+(
†),+†] = Γ[+,+
†(†)], Γ[+,+
†()(†)].
In Fig. 1f the gauge link structure for Γ[+,+
†()] is illustrated. It should be noted that not all of the above mentioned
structures occur if Wilson lines running through minus light-cone infinity instead of plus light-cone infinity are consid-
ered, as was the case for the four simplest type 1 gauge links. The only additional link structures in gluon correlators
for leading 2→ 2 processes are Γ[+,−
†(†)] and Γ[−,+
†()].
C. Correlators of the third type
The third type of correlators has two color traces. Each color trace contains one of the two gluon fields and a Wilson
loop, indicated by the U [loop] and U [loop
′] in Eq. 4. There are two relevant combinations, namely U [loop] = U [] and
U [loop
′] = U [
†], or the interchange of these. In the Figs. 1g and 1h these two structures are illustrated. Correlators
that contain this gauge link structure correspond to a color flow where the (hadron) correlators are color singlet at
the cut. In principle more complicated gauge link structures could be written down, but only if diagrams are included
which allow for more complicated color flow structures, which do not occur for leading order 2→ 2 diagrams. Diagrams
containing three or more particles in the final state are less relevant for our study, because they usually don’t allow
measurements of (small) transverse momentum components.
III. FORMALISM
In this section, we will give the gluon TMD distribution functions. After this, we will give the procedure for
taking transverse moments of gluon correlators. In this procedure, the building blocks of the matrix elements will be
introduced naturally.
A. Parametrization of gluon distribution functions
In the previous section, the correlator has been defined in terms of matrix elements, which cannot be calculated
from first principles. The correlator can also be written down by writing an expansion in TMD PDFs, first given in
Ref. [25], which following the naming convention in Ref. [31] is given by
2xΓµν[U ](x,pT ) = −g
µν
T f
g[U ]
1 (x,p
2
T
) + gµνT
ǫpTSTT
M
f
⊥g[U ]
1T (x,p
2
T
)
+iǫµνT g
g[U ]
1s (x,pT ) +
(
pµT p
ν
T
M2
− gµνT
p2
T
2M2
)
h
⊥g[U ]
1 (x,p
2
T
)
−
ǫ
pT {µ
T p
ν}
T
2M2
h
⊥g[U ]
1s (x,pT )−
ǫ
pT {µ
T S
ν}
T +ǫ
ST {µ
T p
ν}
T
4M
h
g[U ]
1T (x,p
2
T
). (6)
In this parametrization, the spin vector is parametrized as Sµ = SLP
µ + SµT + M
2 SLn
µ and we used shorthand
notations g
g[U ]
1s and h
⊥g[U ]
1s ,
g
g[U ]
1s (x, pT ) = SLg
g[U ]
1L (x, p
2
T
)−
pT · ST
M
g
g[U ]
1T (x, p
2
T
). (7)
5Also the tensor ǫµνT = ǫ
nPµν = ǫρσµνnρPσ is used, where we have used shorthand notations like ǫ
pT ν
T = ǫ
µν
T pTµ. All
possible types of two-gluon correlators mentioned before can be parametrized in this way. The TMDs f⊥g1T , h
g
1T , h
⊥g
1L
and h⊥g1T are naive T-odd. This implies that they have the behavior f
⊥g[U ]
1T = −f
⊥g[Ut]
1T , where U
t is a time-reversed
gauge link, interchanging plus and minus light-cone infinity [4]. In the pT -integrated version of Eq. 6 only f
g
1 and g
g
1L
survive, giving the well-known collinear gluon PDFs g(x) = fg1 (x) and ∆g(x) = g
g
1L(x). These collinear functions are
universal as all gauge links reduce to a unique link along n. The TMDs that do not survive the pT -integration in
Eq. 6 all are multiplied by tensors containing pT in symmetric traceless combinations. In order to reduce these terms
in the correlator to a collinear form, one has to perform specific transverse weightings multiplying the correlator with
additional factors of pT . Just as found for quark correlators, one then obtains expressions containing the TMD PDFs
in Eq. 6 weighted with powers of −p2
T
/2M2 = p2
T
/2M2, denoted
fg(m)... (x, p
2
T
) =
(
−p2
T
2M2
)m
fg...(x, p
2
T
). (8)
For the explicit calculation tensor product relations are used. Depending on the rank of the tensor structure in
Eq. 6 one needs a corresponding number of transverse momenta pT multiplying the correlator Γ(x, pT ). With single
transverse weighting and azimuthal averaging of the correlator one obtains f
⊥g(1)
1T , g
g(1)
1T and h
g(1)
1T . One obtains h
⊥g(2)
1
and h
⊥g(2)
1L with double transverse weighting and azimuthal averaging of the correlator. Finally, a triple transverse
weighting and azimuthal averaging of the correlator is required to obtain h
⊥g(3)
1T .
In the next subsection, we will show how the transverse weightings are performed at the level of the matrix
elements including in particular the role of the gauge link structure in this. The TMDs in Eq. 6 still have a gauge
link dependence. In the article dealing with the universality of the quark correlators [24] a similar situation occurred.
In that paper, TMDs of a definite rank were introduced for quarks, which allowed the definition of universal quark
TMDs, multiplied with gauge link dependent factors. In the same way as done for quarks, we will first show the
effects of transverse weightings for the correlators at the operator level and in the next step use this to identify TMDs
for the gluons.
B. Operator structure of transverse moments
For gluons the single weighting (m = 1) results were already given in Ref. [27] and for quarks the procedure was
described in Ref. [24], where also the decomposition of weighted matrix elements was given. As will be explained, the
procedure for gluons is slightly more involved due to the larger number of possible color structures.
Transverse weighting including transverse momenta is achieved in the transverse moments,
Γ
α1...αm[U ]
∂...∂ (x) ≡
∫
d2pT p
α1
T
. . . pαm
T
Γ[U ](x, pT ). (9)
In principle, a lot of different gauge link structures are possible, so it is important to understand the action of pα
T
on the correlator Γ[U ](x, pT ). In coordinate space the momentum p
α
T
becomes a partial derivative, which acts on the
gauge links and yields [11, 24]
i∂α
T
(ξ)U
[±]
[0,ξ] = U
[n]
[0,±∞] i∂
α
T
(ξ)UT[0T ,ξT ] U
[n]
[±∞,ξ] = U
[n]
[0,±∞] U
T
[0T ,ξT ]
iDα
T
(±∞)U
[n]
[±∞,ξ], (10a)
iDα
T
(±∞)U
[n]
[±∞,ξ] . . . = U
[n]
[±∞,ξ]
(
iDα
T
(ξ)−Aα
T
(ξ)±Gα
T
(ξ)
)
. . . , (10b)
. . . U
[n]
[ξ,±∞] iD
α
T
(±∞) = . . .
(
iDα
T
(ξ)−Aα
T
(ξ)±Gα
T
(ξ)
)
U
[n]
[ξ,±∞], (10c)
in which Aα
T
(ξ) and Gα
T
(ξ) are defined as
Aα
T
(ξ) =
1
2
∫ ∞
−∞
dη·P ǫ(ξ·P − η·P )U
[n]
[ξ,η]F
nα(η)U
[n]
[η,ξ], (11)
Gα
T
(ξ) =
1
2
∫ ∞
−∞
dη·P U
[n]
[ξ,η]F
nα(η)U
[n]
[η,ξ] (12)
and where we have absorbed factors of g in the definition of the gluon fields. The latter operator combination only
depends on ξT . These specific field combinations have definite time-reversal properties, AT (ξ) being T-even and GT (ξ)
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FIG. 2: The graphical representation of correlators (a) Γ(p) and (b) ΓF (p, p− p1).
being T-odd. Taking transverse moments thus requires the consideration of multi-parton matrix elements. The first
transverse moment of a gluon correlator with a single color trace (type 1) involves after pT -integration the collinear
correlators [27]
Γ
µν,α[U ]
D (x, x − x1) =
∫
d ξ·P
2π
d η·P
2π
eix1(η·P )ei(x−x1)(ξ·P )
× Tr〈P, S|Fnµ(0)
[
U
[n]
[0,η]iD
α
T
(η)U
[n]
[η,0], U
[n]
[0,ξ]F
nν(ξ)U
[n]
[ξ,0]
]
|P, S〉
∣∣∣
LC
, (13a)
Γ
µν,α[U ]
F,1 (x, x − x1) =
∫
d ξ·P
2π
d η·P
2π
eix1(η·P )ei(x−x1)(ξ·P )
× Tr〈P, S|Fnµ(0)
[
U
[n]
[0,η]F
nα(η)U
[n]
[η,0], U
[n]
[0,ξ]F
nν(ξ)U
[n]
[ξ,0]
]
|P, S〉
∣∣∣
LC
, (13b)
Γ
µν,α[U ]
F,2 (x, x − x1) =
∫
d ξ·P
2π
d η·P
2π
eix1(η·P )ei(x−x1)(ξ·P )
× Tr〈P, S|Fnµ(0)
{
U
[n]
[0,η]F
nα(η)U
[n]
[η,0], U
[n]
[0,ξ]F
nν(ξ)U
[n]
[ξ,0]
}
|P, S〉
∣∣∣
LC
, (13c)
see Fig. 2 for the diagrammatic representation of ΓF (p, p − p1). For ΓD the color tracing involves the commutator.
Note that in the operators we always use i∂ and iD, whereas in indices of correlators we use ∂ and D. For ΓF,c one
can have both the commutator and anticommutator, color structures that are distinguished using the indices c = 1
and c = 2, respectively. These collinear correlators have a unique gauge link structure. The actual matrix elements
appearing in the transverse moments are bilocal, namely
Γµν,αD (x) =
∫
dx1 Γ
µν,α
D (x, x − x1)
=
∫
d ξ·P
2π
eix(ξ·P )Tr〈P, S|Fnµ(0)U
[n]
[0,ξ]
[
iDα
T
(ξ), Fnν(ξ)
]
U
[n]
[ξ,0]|P, S〉
∣∣∣
LC
, (14a)
Γµν,αA (x) =
∫
dx1 PV
i
x1
Γµν,αF,1 (x, x− x1)
=
∫
d ξ·P
2π
eix(ξ·P )Tr〈P, S|Fnµ(0)U
[n]
[0,ξ]
[
Aα
T
(ξ), Fnν(ξ)
]
U
[n]
[ξ,0]|P, S〉
∣∣∣
LC
, (14b)
Γ˜µν,α∂ (x) ≡ Γ
µν,α
D (x)− Γ
µν,α
A (x)
=
∫
d ξ·P
2π
eix(ξ·P )Tr〈P, S|Fnµ(0)U
[n]
[0,ξ]
[
i∂α
T
(ξ), Fnν(ξ)
]
U
[n]
[ξ,0]|P, S〉
∣∣∣
LC
, (14c)
Γµν,αG,1 (x) = Γ
µν,α
F,1 (x, x)
=
∫
d ξ·P
2π
eix(ξ·P )Tr〈P, S|Fnµ(0)U
[n]
[0,ξ]
[
Gα
T
(ξ), Fnν(ξ)
]
U
[n]
[ξ,0]|P, S〉
∣∣∣
LC
, (14d)
Γµν,αG,2 (x) = Γ
µν,α
F,2 (x, x)
=
∫
d ξ·P
2π
eix(ξ·P )Tr〈P, S|Fnµ(0)U
[n]
[0,ξ]
{
Gα
T
(ξ), Fnν(ξ)
}
U
[n]
[ξ,0]|P, S〉
∣∣∣
LC
. (14e)
The matrix elements needed in the first moment thus involve operator structures Fnµ(0)U
[n]
[0,ξ]O(ξ)F
nν(ξ)U
[n]
[ξ,0], with
O being iDα
T
, Aα
T
, i∂α
T
= iDα
T
−Aα
T
or Gα
T
and involving for ΓG multiple color tracing possibilities. For ΓD(x), ΓA(x)
and their difference Γ˜∂(x) there is only one color structure. For higher moments we also need bilocal correlators
Γ˜µν,α1...αm∂...∂ , Γ
µν,α1...αm
G...G,c and symmetrized combinations Γ˜
µν,α1...αm
{∂...∂G...G},c, again with index c to distinguish multiple color
7Rank U
[±]
[0,ξ]O (ξ)U
[±]
[ξ,0] U
[±]
[0,ξ]O (ξ)U
[∓]
[ξ,0]
m = 0 O O
m = 1 O′ ±
[
G,O
]
O′ ±
{
G,O
}
m = 2 O′′ ±
[
G′, O
]
± 2
[
G,O′
]
+
[
G,
[
G,O
]]
O′′ ±
{
G′, O
}
± 2
{
G,O′
}
+
{
G,
{
G,O
}}
m = 3 O′′′ ±
[
G′′, O
]
± 3
[
G′, O′
]
± 3
[
G,O′′
]
+
[
G′
[
G,O
]]
+ 2
[
G,
[
G′, O
]]
+ 3
[
G
[
G,O′
]]
±
[
G
[
G
[
G,O
]]]
O′′′ ±
{
G′′, O
}
± 3
{
G′, O′
}
± 3
{
G,O′′
}
+
{
G′
{
G,O
}}
+2
{
G,
{
G′, O
}}
+3
{
G
{
G,O′
}}
±
{
G
{
G
{
G,O
}}}
TABLE I: Transverse derivatives of the two basic color structures for a given rank m corresponding to taking
m transverse derivatives i∂α1T . . . i∂
αm
T . The primes denote transverse partial derivatives of the operators O
or G, [i∂αT , O]→ O
′ and [i∂αT , G
β
T ]→ G
′. Since taking the derivatives is symmetric, one needs to make sure
that when the transverse indices are made explicit, they are symmetrized and averaged. Furthermore the
gauge links U [±] . . . U [±] or U [±] . . . U [∓] need to be added. Eqs. 17b and 17c constitute the m = 1 results
including indices.
configurations. These operator structures will be discussed in the next section. We refer to the number of gluonic
pole contributions in these bilocal correlators as the gluonic pole rank and to the sum of gluonic poles and partial
derivative terms as the rank of the correlator, which equals the number of transverse indices.
In order to obtain the color structure for higher moments, one needs to carefully look at the results for the derivative
before pT -integration. The basic results that will be needed are[
i∂α
T
(ξ), U
[±]
[0,ξ]
]
= ±U
[±]
[0,ξ]G
α
T
(ξ) and
[
i∂α
T
(ξ), U
[∓]
[ξ,0]
]
= ±Gα
T
(ξ)U
[∓]
[ξ,0], (15a)[
i∂α
T
(ξ), U []
]
= 2U
[+]
[0,ξ]G
α
T
(ξ)U
[−]
[ξ,0] and
[
i∂α
T
(ξ), U []†
]
= −2U
[−]
[0,ξ]G
α
T
(ξ)U
[+]
[ξ,0]. (15b)
Since we can also write U [] = U
[−]
[ξ,0]U
[+]
[0,ξ], one also has[
i∂α
T
(ξ), U []
]
=
{
Gα
T
(ξ), U []
}
and
[
i∂α
T
(ξ), U []†
]
= −
{
Gα
T
(ξ), U []†
}
. (16)
To get the results for expressions including field tensors or get to higher derivatives, we can use recursive relations,[
i∂α1
T
(ξ), U
[±]
[0,ξ]O(ξ)
]
= U
[±]
[0,ξ] [i∂
α1
T
(ξ), O(ξ)] ± U
[±]
[0,ξ]G
α1
T
(ξ)O(ξ), (17a)[
i∂α1
T
(ξ), U
[±]
[0,ξ]O(ξ)U
[±]
[ξ,0]
]
= U
[±]
[0,ξ]
[
i∂α1
T
(ξ), O(ξ)
]
U
[±]
[ξ,0] ± U
[±]
[0,ξ]
[
Gα1
T
(ξ), O(ξ)
]
U
[±]
[ξ,0], (17b)[
i∂α1
T
(ξ), U
[±]
[0,ξ]O(ξ)U
[∓]
[ξ,0]
]
= U
[±]
[0,ξ]
[
i∂α1
T
(ξ), O(ξ)
]
U
[∓]
[ξ,0] ± U
[±]
[0,ξ]
{
Gα1
T
(ξ), O(ξ)
}
U
[∓]
[ξ,0], (17c)
where O(ξ) can be field strengths Fnα2(ξ), but also expressions like [i∂α2
T
, Fnα3(ξ)], Gα2
T
(ξ) or U [] as well as
commutators or anticommutators of these such as [Gα2
T
(ξ), Fnα3 (ξ)], {Gα2
T
(ξ), U []}, etc. In all (unweighted) bilocal
matrix elements including gauge link structures the ξ-dependent part within a particular trace can be written in the
form U [±]O (ξ)U [±] and U [±]O (ξ)U [∓]. In this, the operator O (ξ) can be the unit operator, a gluon field F (ξ), a
gluon field with an additional gauge link attached, e.g. U []F (ξ), etc. Taking a transverse moment implies taking
a transverse derivative on the above combinations of gauge links and fields. For a single transverse weighting this
results in an (anti)commutator of a gluonic pole term with the operator structure O and the transverse derivative
of the operator structure O as outlined above. For a double transverse weighting one has to apply this to the result
of the single weighted result, etc. The results of this are tabulated in Table I and will be used to calculate higher
moments.
To calculate transverse moments one needs to perform the pT -integrations. In those results the gauge links U
[±]
will reduce to straight-line gauge links U [n] along the light-like direction n. A Wilson loop will reduce to the identity
in color space after such an integration, implying also∫
d2pT . . .
{
Gα
T
(ξ), U []
}
. . .→ . . . 2Gα
T
(ξ) . . . and
∫
d2pT . . .
{
Gα
T
(ξ), U []†
}
. . .→ . . . 2Gα
T
(ξ) . . . (18)
in the collinear (hence integrated) situation. As an explicit example, consider F (0)U [+]F (ξ)U [+]†. In that case
one applies the transverse derivative to O(ξ) = U []F (ξ)U []† sandwiched between U [+] . . . U [+]†, yielding according
8to Eq. 17b the combination [i∂T + GT , U
[]FU []†]. This can be evaluated using the basic results for gauge links,
specifically Eq. 16, resulting after pT -integration into the operator [i∂T , F ] + 3 [GT , F ] sandwiched between U
[n] links.
This factor 3 multiplying ΓG in the transverse moment is an explicit example of what in general is referred to as
gluonic pole factors (see next subsection). Note that for higher moments it sometimes will be convenient to include
some factors of two in the correlator definitions (outlined in section IV) rather than using anticommutators.
C. Example: single transverse moments
Using the previously given relations for taking derivatives of Wilson lines, one can calculate the transverse moments,
i.e. the matrix elements including transverse momentum weightings and integrated over pT . As an example, we will
give the explicit results for the single weighted case of a gluon correlator with a single color trace (type 1). It is found
that
Γ
α[U ]
∂ (x) ≡
∫
d2pT p
α
T
Γ[U ](x, pT )
=
(
ΓαD(x)− Γ
α
A(x)
)
+ C
[U ]
G,1 Γ
α
G,1(x) + C
[U ]
G,2 Γ
α
G,2(x)
= Γ˜α∂ (x) + C
[U ]
G,1 Γ
α
G,1(x) + C
[U ]
G,2 Γ
α
G,2(x). (19)
In the above procedure, one finds universal matrix elements and all process dependence is isolated in gluonic pole
factors C
[U ]
G,c. The numerical values of these coefficients for all different gauge links can be found in the Tables II, III
and IV. For example, as explicitly outlined in the previous subsection, one finds the factor C
[+,+††
G,1 ] = +3. For
the single weighted case they are related to the color factors given in Ref. [17]. In Eq. 19, our C
[U ]
G,1 Γ
α[U ]
G,1 (x) and
C
[U ]
G,2 Γ
α[U ]
G,2 (x) are the same as the πC
[U ]
Gf
Γ
α[U ]
Gf
(x, x) and πC
[U ]
Gd
Γ
α[U ]
Gd
(x, x) in Ref. [27].
IV. OPERATOR STRUCTURES OF ALL TRANSVERSE MOMENTS
In this section we give the results including the transverse moments of rank higher than one, which was done in
detail in the previous section. The necessary ingredients are finding the operators containing derivatives and gluonic
poles and the labeling of the color structures for the operators that contain gluonic poles. Having done that, one
can find the factors in the expansion of the transverse moments. Following up on the result for the first transverse
moment in Eq. 19 we have
Γ
α1 [U ]
∂ (x) ≡
∫
d2pT p
α1
T
Γ[U ](x, pT )
= Γ˜α1∂ (x) +
∑
c
C
[U ]
G,c Γ
α1
G,c(x), (20)
Γ
α1α2 [U ]
∂∂ (x) ≡
∫
d2pT p
α1
T
pα2
T
Γ[U ](x, pT )
= Γ˜α1α2∂∂ (x) +
∑
c
C
[U ]
G,c Γ˜
α1α2
{∂G},c(x) +
∑
c
C
[U ]
GG,c Γ
α1α2
GG,c(x), (21)
Γ
α1α2α3 [U ]
∂∂∂ (x) ≡
∫
d2pT p
α1
T
pα2
T
pα3
T
Γ[U ](x, pT )
= Γ˜α1α2α3∂∂∂ (x) +
∑
c
C
[U ]
G,c Γ˜
α1α2α3
{∂∂G},c(x) +
∑
c
C
[U ]
GG,c Γ˜
α1α2α3
{∂GG},c(x) +
∑
c
C
[U ]
GGG,c Γ
α1α2α3
GGG,c (x), (22)
where [U ] can be any of the gauge links discussed in section II. The collinear correlators on the rhs are independent
of the gauge link. The gauge link dependence is in the gluonic pole factors multiplying these correlators. It should
be noted that the coefficients C
[U ]
G,c for a given gauge link are the same in the expressions for single, double and triple
transverse moments, as are also the coefficients C
[U ]
GG,c in double and triple transverse moments. They do not depend
on the number of partial derivatives involved. The results have been tabulated for type 1 correlators in Table II, for
type 2 correlators in Table III and for type 3 correlators in Table IV. Note that not all the gauge links in the Tables II
and III will occur for correlators in actual 2 → 2 diagrams, but they are needed for the description in Appendix A.
9Γ[U ] C
[U ]
G,1 C
[U ]
G,2 C
[U ]
GG,1 C
[U ]
GG,2 C
[U ]
GGG,1 C
[U ]
GGG,2
Γ[+,+
†] 1 0 1 0 1 0
Γ[−,−
†]
−1 0 1 0 −1 0
Γ[+,−
†] 0 1 0 1 0 1
Γ[−,+
†] 0 −1 0 1 0 −1
Γ[+,+
†

† ] 3 0 9 0 27 0
Γ[−
†,−†]
−3 0 9 0 −27 0
Γ[+,−
†
] 0 3 0 9 0 27
Γ[−
†,+††] 0 −3 0 9 0 −27
TABLE II: The values of the gluonic pole factors for the type 1 gauge links needed in the pT -weighted cases.
Note that the value of C
[U ]
G,1, C
[U ]
G,2, C
[U ]
GG,1 and C
[U ]
GG,2 are the same for single, double and triple transverse
weighting. The coefficients that are not present in the above table are zero for these gauge links.
Γ[U ] C
[U ]
G,1 C
[U ]
G,2 C
[U ]
GG,1 C
[U ]
GG,2 C
[U ]
GG,3
C
[U ]
GGG,1 C
[U ]
GGG,2 C
[U ]
GGG,3 C
[U ]
GGG,4 C
[U ]
GGG,5
Γ[+,+
†()] 1 0 1 0 1 1 0 3 0 1
Γ[−,−
†(†)]
−1 0 1 0 1 −1 0 −3 0 −1
Γ[+,+
†(†)] 1 0 1 0 1 1 0 3 0 −1
Γ[−,−
†()]
−1 0 1 0 1 −1 0 −3 0 1
Γ[+,−
†(†)] 0 1 0 1 1 0 1 0 3 −1
Γ[−,+
†()] 0 −1 0 1 1 0 −1 0 −3 1
Γ[+,+
†()(†)] 1 0 1 0 2 1 0 6 0 0
Γ[−,−
†()(†)]
−1 0 1 0 2 −1 0 −6 0 0
Γ[+,−
†()(†)] 0 1 0 1 2 0 1 0 6 0
Γ[−,+
†()(†)] 0 −1 0 1 2 0 −1 0 −6 0
TABLE III: The values of the gluonic pole factors for gauge links needed in the pT -weighted cases containing
(traced) Wilson loops. The coefficients that are not present in the above table are zero for these gauge links.
Γ[U ] C
[U ]
GG,4 C
[U ]
GGG,6 C
[U ]
GGG,7
Γ[(F (ξ)),(F (0)
†)]
−2 3 −3
Γ[(F (ξ)
†),(F (0))]
−2 −3 3
TABLE IV: The values of the gluonic pole factors for gauge links needed in the pT -weighted cases containing
two traced gluon fields combined with Wilson loops. The coefficients that are not present in the above table
are zero for these gauge links.
The color structures for these types are explicitly given in the next sections. Also the gluonic pole coefficients for the
single weighted case for 2→ 2 processes are tabulated in Ref. [32].
A. Weighting for type 1 correlators
Unweighted correlators of type 1 have the field theoretical structure given in Eq. 2. Applying transverse weightings
on this type of matrix elements implies that all gluonic pole matrix elements that appear are located in the same
color trace as the gluon fields F (0) and F (ξ). If one considers matrix elements containing gluonic poles only and no
10
partial derivative terms, one gets for single, double and triple transverse weighting the matrix elements
Γα1G,1 → Trc
F (0) [Gα1
T
(ξ), F (ξ)]
, (23a)
Γα1G,2 → Trc
F (0) {Gα1
T
(ξ), F (ξ)}
, (23b)
Γα1α2GG,1 → Trc
F (0) [Gα1
T
(ξ), [Gα2
T
(ξ), F (ξ)]]
, (23c)
Γα1α2GG,2 → Trc
F (0) {Gα1
T
(ξ), {Gα2
T
(ξ), F (ξ)}}
, (23d)
Γα1α2α3GGG,1 → Trc
F (0) [Gα1
T
(ξ), [Gα2
T
(ξ), [Gα3
T
(ξ), F (ξ)]]]
, (23e)
Γα1α2α3GGG,2 → Trc
F (0) {Gα1
T
(ξ), {Gα2
T
(ξ), {Gα3
T
(ξ), F (ξ)}}}
, (23f)
where we omitted the (collinear) gauge links for readability. As was indicated for the single weighted case already
in the Refs. [27, 29], the gluonic pole terms come either in the form of a commutator or anticommutator with the
field F (ξ), depending on the gauge link structure. Since gluonic pole matrix elements are obtained in constructing
transverse moments of a particular O(ξ) operator combination sandwiched between two basic links, one finds that
the matrix elements containing just multiple gluonic poles have only commutators or only anticommutators of the
gluonic pole terms.
As pointed out before in the description of the formalism, also matrix elements containing partial derivative con-
tributions appear. For the single weighted case this has been illustrated already. For double and triple weightings
the situation becomes more involved, since terms containing both gluonic poles and partial derivative contributions
will appear. The partial derivative term will always come as a commutator with the field F (ξ). Again omitting the
(collinear) gauge links, we get matrix elements like
Γ˜α1∂ → Trc
F (0) [i∂α1
T
, F (ξ)
]], (24a)
Γ˜α1α2∂∂ → Trc
F (0)[i∂α1
T
(ξ),
[
i∂α2
T
(ξ), F (ξ)
]], (24b)
Γ˜α1α2α3∂∂∂ → Trc
F (0)[i∂α1
T
(ξ),
[
i∂α2
T
(ξ),
[
i∂α3
T
(ξ), F (ξ)
]]]. (24c)
The matrix elements with only gluonic poles or with only derivatives are evidently symmetric for both sides of the
expression. For double transverse weighting, one gets in addition mixed matrix elements. Looking at the results in
Table I we note that
[G′, O] + 2[G,O′] = [∂, [G,O]] + [G, [∂,O]],
{G′, O}+ 2{G,O′} = [∂, {G,O}] + {G, [∂,O]},
which implies two types of mixed rank 2 operator structures appearing in the transverse moments
Γ˜
{α1α2}
{∂G},1 → Trc
F (0)[i∂{α1T , [Gα2}T , F (ξ)]]+ F (0)[G{α1T , [i∂α2}T , F (ξ)]], (25a)
Γ˜
{α1α2}
{∂G},2 → Trc
F (0)[i∂{α1T ,{Gα2}T , F (ξ)}]+ F (0){G{α1T , [i∂α2}T , F (ξ)]}, (25b)
where we have suppressed the arguments (ξ) of ∂T and GT and {∂G} and {α1 . . . α2} denote symmetrization. This
makes for combinations involving commutators and anticommutators the rhs evidently symmetric. By symmetrizing
also the lhs we avoid additional numerical factors. Note that for the rank 3 mixed operator combinations
[G′′, O] + 3[G′, O′] + 3[G,O′′] = [∂, [∂, [G,O]]] + [∂, [G, [∂,O]]] + [G, [∂, [∂,O]]],
{G′′, O} + 3{G′, O′}+ 3{G,O′′} = [∂, [∂, {G,O}]] + [∂, {G, [∂,O]}] + {G, [∂, [∂,O]]}
and
[G′, [G,O]] + 2[G, [G′, O]] + 3[G, [G,O′]] = [∂, [G, [G,O]]] + [G, [∂, [G,O]]] + [G, [G, [∂,O]]],
{G′, {G,O}}+ 2{G, {G′, O}}+ 3{G, {G,O′}} = [∂, {G, {G,O}}] + {G, [∂, {G,O}]}+ {G, {G, [∂,O]}},
we see the natural appearance of correlators with a symmetric operator structure, Γ{∂∂G},c and Γ{∂GG},c, each of
these in two color configurations that just depend on the number of gluonic poles in the correlator (compare Eqs. 23a,
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23b and Eqs. 23c, 23d). It should be noted that the coefficient C
[U ]
G,c is the same for single and double transverse
weighting, thus the matrix elements ΓG,c and Γ{∂G},c are multiplied with the same gluonic pole factor. Similarly, for
triple transverse weighting one gets the additional mixed matrix elements Γ{∂∂G},c and Γ{∂GG},c, whose gluonic pole
factors are identical as the gluonic pole factors of ΓG,c and ΓGG,c respectively. Note that in expressions involving
transverse weightings, there should be symmetrization over the indices αi and these expressions should be traceless.
This applies to all correlators involving double or higher transverse weighting.
B. Weighting for type 0 correlators
Before turning to the type 2 and type 3 gluon correlators, we will discuss the weighting for type 0 correlators
given by Eq. 5 first, using the formalism in section III B. To make things specific, we consider a diffractive correlator
of the form Γ
[()]
0 (pT ;n) containing a matrix element of the operator
1
Nc
Trc
U [loop](ξ)− 1. Using the results in
section III B one finds that (subtracting the unit operator) the pT -integrated result and the first transverse moment
are both zero. The first nonzero contributions come at rank 2 (see also Ref. [30]), a result that can be obtained from
Table I, e.g. choosing O(ξ) = 1 for U [loop] = U [()],
Γα1α20 GG →
1
Nc
Trc
 {Gα1
T
, {Gα2
T
, 1}}
 = 2
Nc
Trc
 {Gα1
T
, Gα2
T
}
 = 4
Nc
Trc
Gα1
T
Gα2
T
. (26)
At rank 3 one encounters the following collinear operator structures,
Γ˜
{α1α2α3}
0 {∂GG} →
2
Nc
Trc
[i∂{α1T ,{Gα2T , Gα3}T }] + {G{α1T , [i∂α2T , Gα3}T ]}, (27a)
Γα1α2α30 GGG →
2
Nc
Trc
{Gα1
T
,
{
Gα2
T
, Gα3
T
}}. (27b)
Even in more complex situations the Wilson loop reduces to unity after pT -integration and the same collinear operator
structures are obtained, multiplied with specific gluonic pole factors in the actual transverse moments.
C. Weighting for type 2 correlators
Unweighted correlators of type 2 have the field theoretical structure given in Eq. 3. The weighting with factors of
pT acts on gluon fields and gauge links that depend on the coordinate ξT . The matrix elements of the type 2 correlator
contain one or more additional color traced Wilson loops, as a result of which the gluonic pole terms could appear in
the color trace containing the gluon fields F (0) and F (ξ) and also in the additional color traced parts.
Just as for the pure gauge loops in the previous subsection, the integrated result and the first transverse moment
only have gluonic poles and derivatives in the part containing F (0) and F (ξ). Since the additional traced loops reduce
to unity after pT -integration, the color structures are the same as for type 1. For the second moment, there is now
one additional structure since the two gluonic poles can also be in the traced loop,
Γα1α2GG,3 →
2
Nc
Trc
 {Gα1
T
(ξ), Gα2
T
(ξ)}
TrcF (0)F (ξ). (28)
In the triple weighted matrix elements with only gluonic poles, one can have two or three gluonic poles in the traced
loop, leading to three new operator structures with gluonic pole rank three,
Γ
{α1α2α3}
GGG,3 →
2
Nc
Trc
{G{α1T (ξ), Gα2 (ξ)}TrcF (0)[Gα3}T (ξ), F (ξ)], (29a)
Γ
{α1α2α3}
GGG,4 →
2
Nc
Trc
{G{α1T (ξ), Gα2T (ξ)}TrcF (0){Gα3}T (ξ), F (ξ)}, (29b)
Γα1α2α3GGG,5 →
2
Nc
Trc
{Gα1
T
(ξ),
{
Gα2
T
(ξ), Gα3
T
(ξ)
}}TrcF (0)F (ξ). (29c)
On top of this, for triple weighting an operator structure including one partial derivative appears in the combination
Γ˜
{α1α2α3}
{∂GG},3 →
6
Nc
Trc
{G{α1T (ξ), Gα2T (ξ)}TrcF (0)[i∂α3}T , F (ξ)]
+ 2
Nc
Trc
[i∂{α1T ,{Gα2T (ξ), Gα3}T (ξ)}]TrcF (0)F (ξ)
+ 2
Nc
Trc
{G{α1T (ξ), [i∂α2T , Gα3}T (ξ)]}TrcF (0)F (ξ). (30)
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This is derived in a straightforward way using derivatives as in Table I but now for a product of two factors, O1(ξ) = 1
and O2(ξ) = F (ξ), with the appropriate gauge links.
D. Weighting for type 3 correlators
Taking transverse moments for type 3 correlators can never give the correlators that were found for the type 1
and type 2 correlators, since the gluon fields F (0) and F (ξ) are located in different color traces. When constructing
transverse moments, however, we need at least one gluonic pole matrix element (with color octet structure) in each
of the traces. The simplest operator structure appearing in double weighting is
Γ
{α1α2}
GG,4 →
2
Nc
Trc
F (0)G{α1T (ξ)Trc{Gα2}T (ξ), F (ξ)}. (31)
For triple weighting one finds the gluonic pole operator structures
Γ
{α1α2α3}
GGG,6 →
2
Nc
Trc
F (0){G{α1T (ξ), Gα2T (ξ)}Trc{Gα3}T (ξ), F (ξ)}, (32a)
Γ
{α1α2α3}
GGG,7 →
2
Nc
Trc
F (0)G{α1T (ξ)Trc{Gα2T (ξ),{Gα3}T (ξ), F (ξ)}}. (32b)
On top of this, one will also find the matrix element
Γ˜
{α1α2α3}
{∂GG},4 →
3
Nc
Trc
F (0) [i∂{α1T , Gα2T (ξ)]Trc{Gα3}T (ξ), F (ξ)}
+ 3
Nc
Trc
F (0)G{α1T (ξ)Trc{Gα2T (ξ), [i∂α3}T , F (ξ)]}
+ 3
Nc
Trc
F (0)G{α1T (ξ)Trc[i∂α2T ,{Gα3}T (ξ), F (ξ)}], (33)
where we have absorbed a factor of 3 in the definition, again as the natural binomial coefficient appearing when taking
derivatives of a product.
V. DEFINING TMDS
In order to define gluon TMD PDFs, we will make an expansion into p2
T
-dependent correlators multiplying symmetric
traceless tensors in transverse momentum space, where we include correlators with all possible values of gluonic pole
rank or partial derivative rank, the sum of which defines the rank of the universal TMD correlators,
Γ[U ](x, pT ) = Γ(x, p
2
T
) +
pT i
M
Γ˜i∂(x, p
2
T
) +
pT ij
M2
Γ˜ij∂∂(x, p
2
T
) +
pT ijk
M3
Γ˜ ijk∂∂∂(x, p
2
T
) + . . .
+
∑
c
C
[U ]
G,c
pT i
M
ΓiG,c(x, p
2
T
) +
pT ij
M2
Γ˜ ij{∂G},c(x, p
2
T
) +
pT ijk
M3
Γ˜ ijk{∂∂G},c(x, p
2
T
) + . . .

+
∑
c
C
[U ]
GG,c
pTij
M2
ΓijGG,c(x, p
2
T
) +
pTijk
M3
Γ˜ ijk{∂GG},c(x, p
2
T
) + . . .

+
∑
c
C
[U ]
GGG,c
pTijk
M3
ΓijkGGG,c(x, p
2
T
) + . . .
+ . . . , (34)
where we have suppressed the indices µ and ν of the gluon fields for readability. Just as for the transverse moments
in the previous section, multiple color structures are possible in Eq. 34 for the matrix elements, hence the summation
over the color structures c. The allowed color structures and the meaning of operator combinations like {∂∂G} are
the same ones that have been discussed in section IV. Note that since the tensors pijT and p
ijk
T on the rhs of Eq. 34
are traceless and symmetric, the correlators to which they correspond can be defined to be traceless as well (see
Appendix A for their definition). This is in fact even necessary in order to make the identification of these correlators
in terms of TMDs unique.
Equivalently with traceless symmetric tensors, we can use the real and imaginary part of |pT |
meimϕ as the two
independent components of the symmetric traceless tensor of rank m. Just as was done for quarks in Ref. [24], an
identification should be made between the matrix elements and the gluon TMDs. We already mentioned the rank of
the TMD correlators, which is determined by the number of transverse fields i∂T = iDT − AT and gluonic poles G
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in the matrix elements and equals the rank of the (symmetric and traceless) tensor constructed from the transverse
momenta. Secondly the behavior of both matrix elements and the TMDs under time-reversal symmetry will be used
to identify specific distribution functions in the parametrization. A gluonic pole contribution is T-odd. Therefore, all
matrix elements containing an odd number of gluonic poles are T-odd, while all matrix elements containing an even
number of gluonic poles (or no gluonic poles at all) are T-even. Using this identification, it is possible to determine
for each TMD separately in which box(es) in Table V it should belong, the result of which can be seen in Table VI.
By comparing the Eqs. 6 and 34 it becomes clear that for gluons contributions up to rank 3 have to be taken into
account. The rank 0 contribution is given by
2xΓµν[U ](x,pT ) = −g
µν
T f
g[U ]
1 (x,p
2
T
) + iǫµνT SLg
g[U ]
1L (x,p
2
T
). (35)
In order to analyze the rank 1 contributions, weighting of the correlator Γ[U ](x, pT ) with one factor of pT is required,
yielding an expression of the form
pα
T
M
Γ[U ](x, pT ) =
pα
T
M
Γ(x, p2
T
)− Γ˜
α(1)
∂ (x, p
2
T
)− C
[U ]
G Γ
α(1)
G (x, p
2
T
)
+
p α
T i
M2
Γ˜i∂(x, p
2
T
) + C
[U ]
G
p α
T i
M2
ΓiG(x, p
2
T
) + . . . , (36)
where the dots stand for contributions of rank 2 and higher that do not survive the pT -integration. The second and
third term in the first line contain the lowest rank transverse moments. Using the behavior under time-reversal of
these matrix elements, one finds the rank 1 contributions
2x
pT i
M
Γ˜i µν∂ (x, p
2
T
) = −iǫµνT
pT · ST
M
gg1T (x,p
2
T
), (37)
2x
pT i
M
Γi µνG,c (x, p
2
T
) = gµνT
ǫpTSTT
M
f
⊥g(Ac)
1T (x,p
2
T
)−
ǫ
pT {µ
T S
ν}
T +ǫ
ST {µ
T p
ν}
T
4M
h
g(Ac)
1T (x,p
2
T
). (38)
Without going into the technical details, similar calculations for rank 2 and rank 3 contributions yield
2x
pTij
M2
Γ˜ij µν∂∂ (x, p
2
T
) = pTijg
iµ
T g
jν
T h
⊥g(A)
1 (x,p
2
T
), (39)
2x
pTij
M2
Γ˜ij µν{∂G},c(x, p
2
T
) = −
pTijǫ
i{µ
T g
ν}j
T SL
2M2
h
⊥g(Ac)
1L (x,p
2
T
), (40)
2x
pTij
M2
Γij µνGG,c(x, p
2
T
) = pT ijg
iµ
T g
jν
T h
⊥g(Bc)
1 (x,p
2
T
), (41)
2x
pTijk
M3
Γ˜ijk µν∂∂∂ (x, p
2
T
) = 0, (42)
2x
pTijk
M3
Γ˜ijk µν{∂∂G},c(x, p
2
T
) = pTijk
ǫ
i{µ
T g
ν}j
T
2M2
Sk
T
M
h
⊥g(Ac)
1T (x,p
2
T
), (43)
2x
pTijk
M3
Γ˜ijk µν{∂GG},c(x, p
2
T
) = 0, (44)
2x
pTijk
M3
Γijk µνGGG,c(x, p
2
T
) = pTijk
ǫ
i{µ
T g
ν}j
T
2M2
Sk
T
M
h
⊥g(Bc)
1T (x,p
2
T
), (45)
where we have used Eq. 6 for the gluon parametrization. The labels A and B, with or without an additional color
index c, are used to label the different matrix elements and the multiple color possibilities for TMDs with the same
rank, as discussed in the previous section. There are two color possibilities for f
⊥g(Ac)
1T , h
g(Ac)
1T , h
⊥g(Ac)
1L and h
⊥g(Ac)
1T ,
four for h
⊥g(Bc)
1 and seven for h
⊥g(Bc)
1T .
We can also look at each structure in the matrix element separately. In this paper nonuniversal TMDs were
introduced, namely f
⊥g[U ]
1T , h
g[U ]
1T , h
⊥g[U ]
1L , h
⊥g[U ]
1 and h
⊥g[U ]
1T . Using the complete list of structures for the type 1, type
2 and type 3 correlators, it is possible to give the expressions of these nonuniversal TMDs in terms of the universal
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RANK
# GPs 0 1 2 3
0 Γ(x, p2T ) Γ˜∂ Γ˜∂∂ Γ˜∂∂∂
1 C
[U ]
G,cΓG,c C
[U ]
G,cΓ˜{∂G},c C
[U ]
G,cΓ˜{∂∂G},c
2 C
[U ]
GG,cΓGG,c C
[U ]
GG,cΓ˜{∂GG},c
3 C
[U ]
GGG,cΓGGG,c
TABLE V: The matrix elements for gluon TMD PDFS, ordered by gluonic pole rank and number of
transverse weightings. The explicit expansion of all correlators in universal correlators multiplied with
gluonic pole factors is given in the text. Note that the gluonic pole coefficients are equal for correlators in
the same row.
RANK OF TMD PDFs FOR GLUONS
# GPs 0 1 2 3
0 fg1 , g
g
1 g
g
1T h
⊥g(A)
1
1 f
⊥g(Ac)
1T , h
g(Ac)
1T h
⊥g(Ac)
1L h
⊥g(Ac)
1T
2 h
⊥g(Bc)
1
3 h
⊥g(Bc)
1T
TABLE VI: The operator assignments of TMD PDFs for gluons. The index c for some labels A and B
indicate that there are multiple contributions for that TMD PDF of that rank due to the presence of multiple
color structures.
RANK OF TMD PFFs FOR GLUONS
# GPs 0 1 2 3
0 Dg1 , G
g
1 D
⊥g
1T , G
g
1T , H
g
1T H
⊥g
1 , H
⊥g
1L H
⊥g
1T
TABLE VII: The matrix element assignment for gluon fragmentation functions. All gluonic pole matrix
elements vanish.
definite rank TMDs,
f
⊥g[U ]
1T (x, p
2
T
) =
2∑
c=1
C
[U ]
G,c f
⊥g(Ac)
1T (x, p
2
T
), (46)
h
g[U ]
1T (x, p
2
T
) =
2∑
c=1
C
[U ]
G,c h
g(Ac)
1T (x, p
2
T
), (47)
h
⊥g[U ]
1L (x, p
2
T
) =
2∑
c=1
C
[U ]
G,c h
⊥g(Ac)
1L (x, p
2
T
), (48)
h
⊥g[U ]
1 (x, p
2
T
) = h
⊥g(A)
1 (x, p
2
T
) +
4∑
c=1
C
[U ]
GG,c h
⊥g(Bc)
1 (x, p
2
T
), (49)
h
⊥g[U ]
1T (x, p
2
T
) =
2∑
c=1
C
[U ]
G,c h
⊥g(Ac)
1T (x, p
2
T
) +
7∑
c=1
C
[U ]
GGG,c h
⊥g(Bc)
1T (x, p
2
T
). (50)
A similar expansion as in Eq. 34 can also be made for the fragmentation correlator ∆g(z, kT ) as for instance given
in Ref. [25]. For fragmentation functions, the gluonic pole matrix elements vanish [19–23], hence there is no longer
any process dependence. As a result, all fragmentation TMDs are universal. The assignment of gluon TMD PFFs
can be seen in Table VII. Although gluonic pole matrix elements vanish, there are T-odd functions that appear in the
parametrization of the ∆˜∂...∂(z, k
2
T
) matrix elements.
Knowing how to expand the correlators Γ[U ](x, pT ) into universal definite rank TMD correlators Γ
i1...im
O (x, p
2
T
), we
would like to invert these relations to obtain the actual operator expressions of these definite rank correlators in terms
of TMD correlators with particular gauge links. Knowing the links one can identify high-energy processes in which to
measure them or one may (eventually) be able to do a lattice calculation of these correlators. As explained in many
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(a) (b)
FIG. 3: A number of color flow structures illustrated with red continuous and green dashed lines. Spectator colors have not
been indicated. In (a) the color flow for a gg → colorless final state process (e.g. gg → Higgs) can be seen, which comes with
the U [−,−
†] gauge link. In (b) the dominant color flow for a particular gg → qq diagram is illustrated. There are three more
contributing color flow structures, but they are suppressed by one or more factors of Nc.
other papers, it is the color structure of the hard amplitude that determines the gauge link structure, illustrated for
two particular diagrams in Fig. 3.
For the proper identification of the TMD correlators and the TMD PDFs depending on x and p2
T
with operator
matrix elements, we actually need the results after doing only the azimuthal integration,∫
dϕ
2π
pα1...αm
T
Mm
pT i1...im
Mm
Γi1...im... (x, p
2
T
) =
(
p2
T
2M2
)m
Γα1...αm... (x, p
2
T
) = (−)m Γα1...αm (m)... (x, p
2
T
), (51)
with the transverse moments on the rhs defined as in Eq. 8 and where the subscript is the appropriate combination
of ∂ and G operators. To get the integrated transverse moments one needs an additional integration
∫
π d|pT |
2. To
perform the ϕ-integration, we use the fact that the independent components of pα1...αm
T
can for m ≥ 1 be written as
pα1...αm
T
⇐⇒
|pT |
m
2m−1
e±imϕ. (52)
As an example, we obtain from Eq. 36 with the help of the coefficients in the Tables II and III, the relations
p2
T
2M2
Γ˜α∂ (x, p
2
T
) =
1
2
∫
dϕ
2π
pα
T
M
Γ[+,+†](x, pT ) + Γ[−,−†](x, pT ) , (53)
p2
T
2M2
ΓαG,1(x, p
2
T
) =
1
2
∫
dϕ
2π
pα
T
M
Γ[+,+†](x, pT )− Γ[−,−†](x, pT ) . (54)
Note, however, that these expressions are not unique. For instance in Eq. 53 one could have used a correlator with
an additional Wilson loop, since one finds from Tables II and III that there are relations like∫
dϕ
2π
pα
T
M
Γ[+,+†()] − Γ[+,+†] = 0. (55)
The actual Γ[+,+
†()](x, pT ) has a different azimuthal dependence as compared to Γ
[+,+†](x, pT ), but in the ϕ-integrated
situation they yield the same results for the first harmonic dependence in ϕ. The correlators differ in the second and
third harmonics. We can make this even slightly more explicit. Looking at the operator structure as discussed in
Section IV, we note that the first moment of the TMD correlator with an additional Wilson loop contains the operator
combination
Trc
F (0)U [+][0,ξ]F (ξ)U [+][ξ,0] 1Nc Trc
U [+][0,ξ]GαT (ξ)U [−][ξ,0], (56)
of which the matrix element is nonzero, becoming zero after azimuthal averaging. Terms of this type also were
considered as junk-TMD in Ref. [27]. We note, however, that in the present treatment all such contributions are
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contained in the complete expansion in Eq. 34. To find a precise form for the difference for the second and third
harmonic dependence, one has to use the appropriate gluonic pole factors that are given in Section IV and write down
the first moment completing Eq. 36. This unintegrated first moment not only contains the rank 1 functions, but also
functions of other rank. Only after ϕ-integration, one is left with functions of one particular rank.
VI. CONCLUSIONS
In this paper we have introduced gluon TMDs of definite rank m. These appear in the expansion of an arbitrary
gauge link dependent correlator as gauge link independent functions multiplied with irreducible traceless tensors
pi1...im
T
. The expansion contains the full set of matrix elements appearing in the description of gluon transverse
momentum dependent parton distribution functions (TMD PDFs). These matrix elements can be classified by the
rank of the operator combination it contains. This rank is equal to the sum of the number of gluonic pole operators
and color gauge-invariant partial derivative operators. Using Lorentz invariance, hermiticity, inversion and time-
reversal symmetry, their matrix elements can be identified with TMDs. Like for the quark TMDs, multiple color
structures could appear for matrix elements containing a certain number of gluonic poles, which increases the number
of (independently) contributing process independent leading twist gluon TMDs from 8 to 23. Nevertheless, the
introduction of universal definite rank TMDs improves on the situation in which one has eight types of gauge link
dependent TMDs, f ...g [U ]... (x, pT ). Although we get 23 functions f
...g (...)
... (x, p
2
T
) carrying additional indices like (Ac),
they are universal. In particular, the gauge link dependence is contained in calculable gluonic pole factors, which can
be obtained for any hard process.
In classifying contributions using their rank, we find two rank 0 functions, the fg1 and g
⊥g
1L , both of which come
without process dependent factor. We find three types of rank 1 functions. One of them, the gg1T TMD, can be
identified with the matrix element Γ˜∂ and does not have a gluonic pole factor. The TMDs f
g (Ac)
1T and h
g (Ac)
1T
correspond to the matrix elements ΓG,c, where c labels the two ways to neutralize three gluon fields using SU(3)
structure constants f or d. The emerging of these two TMDs with different color structures has been introduced
earlier in Ref. [27]. For rank 2, we find two functions, namely h
⊥g (...)
1 and h
⊥g (...)
1L . The h
⊥g (Ac)
1 and h
⊥g (Bc)
1 TMDs
correspond to the matrix elements Γ˜∂∂ and ΓGG,c, respectively, the latter having four different color structures. The
h
⊥g (Ac)
1L functions can be identified with the matrix elements Γ˜{∂G},c. Just as for the other TMDs that can be identified
with matrix elements containing just one gluonic pole, there are only two color structures for this TMD. For rank 3,
the dependence of the TMD correlator on transverse momentum and spin allows just a single structure. Nevertheless
it gives rise to nine universal, T-odd functions denoted h
⊥g (Ac)
1T and h
⊥g (Bc)
1T . These correspond to the two matrix
elements in Γ˜{∂∂G},c and the seven matrix elements in ΓGGG,c.
This new expansion in universal TMDs is of use to any experiment or analysis studying high-energy processes with
the aim of extracting TMDs and comparing them to the results of extractions of TMDs using a different process,
since it is possible to calculate which combinations of TMDs are relevant for a particular high-energy process. These
will be given in a forthcoming publication. We do caution, however, that the color dependent factors multiplying
the universal functions as defined in this paper are a tree level result. They are the lowest order coefficients in a full
calculation. The relevant parts that have been resummed are the collinear gluons needed to obtain the appropriate
color gauge invariant matrix elements in the TMDs.
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Appendix A: Operator combinations
In this appendix, we aim to give a list of relations for all the correlators that we have defined in section IV in terms
of pairs of gauge link structures that are a time-reversal couple, which e.g. for the rank 0 correlator on the rhs of
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Eq. 34 is given by
Γ(x, p2
T
) =
1
2
∫
dϕ
2π
Γ[+,+†](x, pT ) + Γ[−,−†](x, pT ) . (A1)
The correlators are symmetric and traceless by definition, which implies e.g.
Γ˜α1α2∂∂ (x, p
2
T
) =
1
2
Γ˜
{α1α2}
∂∂ (x, p
2
T
)−
1
2
gα1α2
T
Γ˜ii∂∂(x, p
2
T
) (A2)
for correlators of rank 2. A similar expression holds for rank 3 contributions, containing a symmetrization over three
indices and multiple trace terms. In this appendix we will furthermore use the symmetric traceless tensors of rank 2
and 3 given explicitly by
pij
T
= pi
T
pj
T
−
1
2
p2
T
gij
T
, (A3)
pijk
T
= pi
T
pj
T
pk
T
−
1
4
p2
T
(
gij
T
pk
T
+ gik
T
pj
T
+ gjk
T
pi
T
)
. (A4)
1. Rank 1 contributions
The correlators for rank 1 contributions are given by
Γ˜
α1(1)
∂ (x, p
2
T
) = −
1
2
∫
dϕ
2π
pα1
T
M
Γ[+,+†](x, pT ) + Γ[−,−†](x, pT ) , (A5)
Γ
α1(1)
G,1 (x, p
2
T
) = −
1
2
∫
dϕ
2π
pα1
T
M
Γ[+,+†](x, pT )− Γ[−,−†](x, pT ) , (A6)
Γ
α1(1)
G,2 (x, p
2
T
) = −
1
2
∫
dϕ
2π
pα1
T
M
Γ[+,−†](x, pT )− Γ[−,+†](x, pT ) , (A7)
where the expressions in the Eqs. A6 and A7 are the same ones that we give in the Eqs. 53 and 54. The (1) in the
superscript of the correlators represents a single transverse moment, in general defined as in Eq. 51. Since tensor
multiplications give factors of
(
p2
T
/2M2
)m
, as can be seen explicitly in Eq. 51, an additional factor of (−)
m
has
been included for the correlators. This explains the additional minus sign in expressions for the rank 1 and rank 3
correlators.
2. Rank 2 contributions
For rank 2 contributions, the T-even parts are given by
Γ˜
α1α2(2)
∂∂ (x, p
2
T
) =
9
16
∫
dϕ
2π
pα1α2
T
M2
Γ[+,+†](x, pT ) + Γ[−,−†](x, pT )
−
1
16
∫
dϕ
2π
pα1α2
T
M2
Γ[+,+††](x, pT ) + Γ[−†,−†](x, pT ) , (A8)
Γ
α1α2(2)
GG,1 (x, p
2
T
) =
1
2
∫
dϕ
2π
pα1α2
T
M2
Γ[+,+†](x, pT ) + Γ[−,−†](x, pT )− Γ˜α1α2(2)∂∂ (x, p2T ), (A9)
Γ
α1α2(2)
GG,2 (x, p
2
T
) =
1
2
∫
dϕ
2π
pα1α2
T
M2
Γ[+,−†](x, pT ) + Γ[−,+†](x, pT )− Γ˜α1α2(2)∂∂ (x, p2T ), (A10)
Γ
α1α2(2)
GG,3 (x, p
2
T
) =
1
2
∫
dϕ
2π
pα1α2
T
M2
Γ[+,+†()](x, pT ) + Γ[−,−†(†)](x, pT )
−Γ˜
α1α2(2)
∂∂ (x, p
2
T
)− Γ
α1α2(2)
GG,1 (x, p
2
T
), (A11)
Γ
α1α2(2)
GG,4 (x, p
2
T
) = −
1
4
∫
dϕ
2π
pα1α2
T
M2
Γ[(F (ξ)),(F (0)†)](x, pT ) + Γ[(F (ξ)†),(F (0))](x, pT ) , (A12)
while the T-odd parts are given by
Γ˜
α1α2(2)
{∂G},1 (x, p
2
T
) =
1
2
∫
dϕ
2π
pα1α2
T
M2
Γ[+,+†](x, pT )− Γ[−,−†](x, pT ) , (A13)
Γ˜
α1α2(2)
{∂G},2 (x, p
2
T
) =
1
2
∫
dϕ
2π
pα1α2
T
M2
Γ[+,−†](x, pT )− Γ[−,+†](x, pT ) . (A14)
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3. Rank 3 contributions
For the rank 3 correlators the T-even contributions can be defined as
Γ˜
α1α2α3(3)
∂∂∂ (x, p
2
T
) = −
9
16
∫
dϕ
2π
pα1α2α3
T
M3
Γ[+,+†](x, pT ) + Γ[−,−†](x, pT )
+
1
16
∫
dϕ
2π
pα1α2α3
T
M3
Γ[+,+††](x, pT ) + Γ[−†,−†](x, pT ) = 0, (A15)
Γ˜
α1α2α3(3)
{∂GG},1 (x, p
2
T
) = −
1
2
∫
dϕ
2π
pα1α2α3
T
M3
Γ[+,+†](x, pT ) + Γ[−,−†](x, pT )+ Γ˜α1α2α3(3)∂∂∂ (x, p2T ) = 0, (A16)
Γ˜
α1α2α3(3)
{∂GG},2 (x, p
2
T
) = −
1
2
∫
dϕ
2π
pα1α2α3
T
M3
Γ[+,−†](x, pT ) + Γ[−,+†](x, pT )+ Γ˜α1α2α3(3)∂∂∂ (x, p2T ) = 0, (A17)
Γ˜
α1α2α3(3)
{∂GG},3 (x, p
2
T
) = −
1
2
∫
dϕ
2π
pα1α2α3
T
M3
Γ[+,+†()](x, pT ) + Γ[−,−†(†)](x, pT )
+Γ˜
α1α2α3(3)
∂∂∂ (x, p
2
T
) + Γ˜
α1α2α3(3)
{∂GG},1 (x, p
2
T
) = 0, (A18)
Γ˜
α1α2α3(3)
{∂GG},4 (x, p
2
T
) =
1
4
∫
dϕ
2π
pα1α2α3
T
M3
Γ[(F (ξ)),(F (0)†)](x, pT ) + Γ[(F (ξ)†),(F (0))](x, pT ) = 0. (A19)
The T-odd pieces can be defined through
Γ˜
α1α2α3(3)
{∂∂G},1 (x, p
2
T
) = −
9
16
∫
dϕ
2π
pα1α2α3
T
M3
Γ[+,+†](x, pT )− Γ[−,−†](x, pT )
+
1
48
∫
dϕ
2π
pα1α2α3
T
M3
Γ[+,+††](x, pT )− Γ[−†,−†](x, pT ) , (A20)
Γ˜
α1α2α3(3)
{∂∂G},2 (x, p
2
T
) = −
9
16
∫
dϕ
2π
pα1α2α3
T
M3
Γ[+,−†](x, pT )− Γ[−,+†](x, pT )
+
1
48
∫
dϕ
2π
pα1α2α3
T
M3
Γ[+,−†](x, pT )− Γ[−†,+††](x, pT ) , (A21)
Γ
α1α2α3(3)
GGG,1 (x, p
2
T
) = −
1
2
∫
dϕ
2π
pα1α2α3
T
M3
Γ[+,+†](x, pT )− Γ[−,−†](x, pT )+ Γ˜α1α2α3(3){∂∂G},1 (x, p2T ), (A22)
Γ
α1α2α3(3)
GGG,2 (x, p
2
T
) = −
1
2
∫
dϕ
2π
pα1α2α3
T
M3
Γ[+,−†](x, pT )− Γ[−,+†](x, pT )+ Γ˜α1α2α3(3){∂∂G},2 (x, p2T ), (A23)
Γ
α1α2α3(3)
GGG,3 (x, p
2
T
) = −
1
12
∫
dϕ
2π
pα1α2α3
T
M3
Γ[+,+†()(†)](x, pT )− Γ[−,−†()(†)](x, pT )
+
1
6
Γ˜
α1α2α3(3)
{∂∂G},1 (x, p
2
T
) +
1
6
Γ
α1α2α3(3)
GGG,1 (x, p
2
T
), (A24)
Γ
α1α2α3(3)
GGG,4 (x, p
2
T
) = −
1
12
∫
dϕ
2π
pα1α2α3
T
M3
Γ[+,−†()(†)](x, pT )− Γ[−,+†()(†)](x, pT )
+
1
6
Γ˜
α1α2α3(3)
{∂∂G},2 (x, p
2
T
) +
1
6
Γ
α1α2α3(3)
GGG,2 (x, p
2
T
), (A25)
Γ
α1α2α3(3)
GGG,5 (x, p
2
T
) = −
1
2
∫
dϕ
2π
pα1α2α3
T
M3
Γ[+,+†()](x, pT )− Γ[−,−†(†)](x, pT )
+Γ˜
α1α2α3(3)
{∂∂G},1 (x, p
2
T
) + Γ
α1α2α3(3)
GGG,1 (x, p
2
T
) + 3Γ
α1α2α3(3)
GGG,3 (x, p
2
T
), (A26)
Γ
α1α2α3(3)
GGG,6 (x, p
2
T
) − Γ
α1α2α3(3)
GGG,7 (x, p
2
T
)
= −
1
6
∫
dϕ
2π
pα1α2α3
T
M3
Γ[(F (ξ)),(F (0)†)](x, pT )− Γ[(F (ξ)†),(F (0))](x, pT ) . (A27)
As can be seen in Eq. A27, the correlators Γ
{α1α2α3}
GGG,6 (x, p
2
T
) and Γ
{α1α2α3}
GGG,7 (x, p
2
T
) appear as a specific combination
only. The equations for the T-odd rank 3 pieces can be simplified further by using that the expressions for the T-even
parts are zero. We nevertheless give the full results, since it will be a nice test for lattice calculations to verify whether
19
these relations indeed are zero.
[1] J.C. Collins, Foundations of perturbative QCD, Cambridge University Press, Cambridge U.K. (2011).
[2] J.C. Collins, Phys. Lett. B 536, 43 (2002), hep-ph/0204004.
[3] A.V. Belitsky, X. Ji and F. Yuan, Nucl. Phys. B 656, 165 (2003), hep-ph/0208038.
[4] D. Boer, P.J. Mulders and F. Pijlman, Nucl. Phys. B 667, 201 (2003), hep-ph/0303034.
[5] S.J. Brodsky, D.S. Hwang and I. Schmidt, Phys. Lett. B 530, 99 (2002), hep-ph/0201296.
[6] S.J. Brodsky, D.S. Hwang and I. Schmidt, Nucl. Phys. B 642, 344 (2002), hep-ph/0206259.
[7] A. Bacchetta, C.J. Bomhof, P.J. Mulders and F. Pijlman, Phys. Rev. D 72, 034030 (2005), hep-ph/0505268.
[8] J.C. Collins and T.C. Rogers, Phys. Rev. D 78, 054012 (2008), arXiv:0805.1752 [hep-ph].
[9] T.C. Rogers and P.J. Mulders, Phys. Rev. D 81, 094006 (2010), arXiv:1001.2977 [hep-ph].
[10] J.C. Collins, Int. J. Mod. Phys. Conf. Ser. 4, 85 (2011), arXiv:1107.4123 [hep-ph].
[11] M.G.A. Buffing and P.J. Mulders, JHEP 1107, 065 (2011), arXiv:1105.4804 [hep-ph].
[12] T.C. Rogers, Phys. Rev. D 88, 014002 (2013), arXiv:1304.4251 [hep-ph].
[13] A.V. Efremov and O.V. Teryaev, Sov. J. Nucl. Phys. 36, 140 (1982).
[14] A.V. Efremov and O.V. Teryaev, Phys. Lett. B 150, 383 (1985).
[15] J-W. Qiu and G.F. Sterman, Phys. Rev. Lett. 67, 2264 (1991).
[16] J-W. Qiu and G.F. Sterman, Nucl. Phys. B 378, 52 (1992).
[17] J-W. Qiu and G.F. Sterman, Phys. Rev. D 59, 014004 (1998), hep-ph/9806356.
[18] Y. Kanazawa and Y. Koike, Phys. Lett. B 478, 121 (2000), hep-ph/0001021.
[19] A. Metz, Phys. Lett. B 549, 139 (2002), hep-ph/0209054.
[20] J.C. Collins and A. Metz, Phys. Rev. Lett. 93, 252001 (2004), hep-ph/0408249.
[21] L.P. Gamberg, A. Mukherjee and P.J. Mulders, Phys. Rev. D 77, 114026 (2008), arXiv:0803.2632 [hep-ph].
[22] S. Meissner and A. Metz, Phys. Rev. Lett. 102, 172003 (2009), arXiv:0812.3783 [hep-ph].
[23] L.P. Gamberg, A. Mukherjee and P.J. Mulders, Phys. Rev. D 83, 071503 (2011), arXiv:1010.4556 [hep-ph].
[24] M.G.A. Buffing, A. Mukherjee and P.J. Mulders, Phys. Rev. D 86, 074030 (2012), arXiv:1207.3221 [hep-ph].
[25] P.J. Mulders and J. Rodrigues, Phys. Rev. D 63, 094021 (2001), hep-ph/0009343.
[26] C.J. Bomhof, P.J. Mulders and F. Pijlman, Eur.Phys.J. C47, 147 (2006), hep-ph/0601171.
[27] C.J. Bomhof and P.J. Mulders, Nucl. Phys. B 795, 409 (2008), arXiv:0709.1390 [hep-ph].
[28] C.J. Bomhof, P.J. Mulders and F. Pijlman, Phys. Lett. B 596, 277 (2004), hep-ph/0406099.
[29] F. Dominguez, B-W. Xiao and F. Yuan, Phys. Rev. Lett. 106, 022301 (2011), arXiv:1009.2141 [hep-ph].
[30] F. Dominguez, C. Marquet, B-W. Xiao and F. Yuan, Phys. Rev. D 83, 105005 (2011), arXiv:1101.0715 [hep-ph].
[31] S. Meissner, A. Metz and K. Goeke, Phys. Rev. D 76, 034002 (2007), hep-ph/0703176.
[32] C.J. Bomhof and P.J. Mulders, JHEP 0702, 029 (2007), hep-ph/0609206.
[33] D. Binosi and L. Theussl, Comput.Phys.Commun. 161, 76 (2004), hep-ph/0309015.
[34] D. Binosi, J. Collins, C. Kaufhold and L. Theussl, Comput.Phys.Commun. 180, 1709 (2009), arXiv:0811.4113 [hep-ph].
